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This  paper  presents  an  analysis  of  virtual-flux  direct  power  control  (VF- 
DPC)  technique  for  the  three-phase  pulse  width  modulation  (PWM)  ac-dc 
converter.  The  proposed  VF-DPC  is  developed  by  assuming  the  grid  voltage 
and  converter  line  filters  quantities  are  related  to  a  virtual  three-phase  ac 
motor.  The  controller  works  with  less  number  of  sensors  by  eliminating  the 
voltage  sensors  used  for  measuring  the  three-phase  grid  voltage.  The  grid 
virtual  flux  which  is  proportional  to  the  grid  voltage  will  be  estimated  from 
the  information  of  converter  switching  states,  line  currents,  and  de-link 
output  voltage.  Several  analyses  are  performed  in  order  to  study  the  steady 
state  and  dynamic  performance  of  the  converter,  particularly  during  the  load 
and  DC  voltage  output  reference  variations.  The  proportional  integral  (PI) 
controller  gains  at  the  outer  voltage  control  loop  of  VF-DPC  are  tuned 
properly  and  the  entire  PWM  ac-dc  converter  system  is  simulated  using 
MATLAB/Simulink  software  to  ensure  the  dc  output  voltage  follows  the 
desired  output  voltage  under  steady  state  and  dynamic  conditions.  Ac-dc 
converter  utilizing  the  proposed  VF-DPC  is  able  to  generate  three-phase 
input  current  waveforms  that  are  almost  sinusoidal  with  low  harmonics 
contents  which  is  less  than  5  %  and  near  unity  power  factor  {pj)  operation. 
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1.  INTRODUCTION 

Research  interest  in  the  three-phase  pulse  width  modulation  (PWM)  rectifiers  or  known  as  ac-dc 
converters  in  this  paper  has  grown  rapidly  over  the  past  few  years  due  to  numerous  advantages  such  as 
bidirectional  power  flow  capability,  excellent  control  of  dc-bus  voltage,  low  total  harmonic  distortion  of 
input  currents  and  almost  for  unity  power  factor  operation[l].  Performance  of  ac-dc  converters  is  greatly 
dependent  on  the  quality  of  the  applied  control  techniques  being  used.  The  converters  can  be  controlled  by 
the  control  strategies  analogous  to  the  control  methods  of  ac  machines.  The  control  schemes  of  grid 
connected  ac-dc  converter  can  be  classified  in  two  types,  namely  the  voltage  oriented  control  (VOC)  which 
similar  to  the  field-oriented  control,  and  the  direct  power  control  (DPC)  which  imitates  the  basic  idea  of 
direct  torque  control  of  ac  machines.  The  VOC  guarantees  high  dynamic  and  static  performance  via  internal 
current  loop  and  is  constantly  being  developed  and  improved  by  several  researchers.  On  the  other  hand,-the 
successful  operation  of  DPC  is  highly  dependent  on  the  effectiveness  of  the  active  and  reactive  power  control 
loops  performing  their  tasks  [2-6]. 

However,  the  performance  of  conventional  DPC  strategy  can  be  enhanced  by  introducing  the  new 
technique  of  power  estimation  which  does  not  need  the  grid  voltage  information.  The  power  estimation  is 
performed  by  estimating  the  grid  virtual  flux  [7]  [8].  Subsequently,  the  estimated  grid  virtual  flux  and  the 
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measured  line  currents  information  will  be  used  to  calculate  the  instantaneous  active  and  reactive  power.  In 
reference  [9],  the  used  of  the  virtual  flux  (VF)  signal  for  power  estimation  leads  to  the  following  advantages 
of  the  VF-DPC  compared  to  the  other  conventional  control  methods  of  ac-dc  converter  such  as  the  VF-DPC 
is  able  to  operate  under  unbalanced  and  distorted  supply  voltage  producing  low  total  harmonic  distortion  of 
input  current,  unity  power  factor  operation,  excellent  steady  state  and  dynamic  performances.  Subsequently, 
by  comparing  the  proposed  VF-DPC  with  the  conventional  VOC,  the  VF-DPC  requires  simpler  algorithm 
technique  to  estimate  the  input  instantaneous  active  and  reactive  power,  and  perform  other  controller  tasks 
due  to  the  absence  of  current  control  loops,  dq-coordinate  transformation  and  separate  PWM  voltage 
modulator  as  required  by  the  VOC. Indeed,  there  is  no  essential  requirement  for  decoupling  control  of  the 
active  and  reactive  components..  Therefore,  this  paper  is  focussing  on  the  performance  studies  related  to  the 
VF-DPC  applied  to  the  grid  connected  PWM  ac-dc  converter.  The  converter  performance  will  be  evaluated 
under  steady  state  and  dynamic  conditions.  The  converter’s  dynamic  study  is  performed  by  evaluating  the 
transient  response  during  the  magnitude  variations  of  DC  voltage  reference  and  load  resistance. 


2.  MODELLING  OF  THREE-PHASE  AC-DC  CONVERTER 

The  structure  of  topology  for  three-phase  bidirectional  of  an  ac-dc  voltage  source  converter  is  shown 
in  Figure  1.  The  converter  is  connected  to  a  three-phase  ac  supply  and  for  each  phase  a  series  branch  of 
inductor  L  and  internal  resistance  R  has  been  connected  after  the  source  in  order  to  represents  the  internal 
impedance.  Then,  the  six  IGBTs  which  are  parallel  with  free-wheeling  diodes  are  involved  in  rectifying  the 
input  voltages.  Nowadayas,  the  usage  of  power  diode  and  thyristor  rectifiers  for  ac  to  dc  conversion  is 
becoming  a  problem  in  transmission  and  distribution  due  to  the  harmonics  and  reactive  currents  they  inject 
into  the  system.  Perhaps,  the  non-sinusoidal  shape  of  the  input  current  drawn  by  the  conventional  ac-dc 
converter  (rectifiers)  generates  significant  harmonics  components  which  will  result  in  increasing  the  the  volt- 
ampere  rating  of  the  utility  equipment  such  as  generators,  transmission  lines  and  transformers.  Therefore,  in 
this  research  insulated  gate  bipolar  transistor  (IGBT)  is  used  as  the  converter  bidirectional  switches  in  the 
circuit  via  its  simple  and  able  to  operate  in  high  switching  frequency  [7].  Instead,  this  power  switch  can  be 
the  alternative  to  draw  a  continuous  sinusoidal  current  from  ac  power  supply  with  lower  Total  Harmonic 
Distortion  (THD)  and  higher  power  factor  (near  unity).  Finally,  the  capacitor  is  connected  in  parallel  to 
smoothen  the  output  of  DC  voltage. 


Figure  1 .  Three-phase  PWM  rectifier  system  for  bidirectional  power  flow 


3.  PRINCIPLE  OPERATION  OF  VIRTUAL  FLUX 

The  Virtual  Flux-Direct  Power  Control  (VF-DPC)  is  used  to  estimates  the  input  of  instantaneous 
active  and  reactive  powers  as  well  as  the  three-phase  grid  voltage.  The  concept  of  VF-DPC  is  to  combine  the 
direct  power  control  (DPC)  scheme  with  the  input  voltage  source  estimation  method  in  operating  the  three- 
phase  ac-dc  converter  [8].  An  effective  estimation  of  virtual  flux  procedure  and  selection  of  converter  is 
determining  the  success  of  the  combined  operation.  A  simple  low-pass  filter  is  added  into  the  system  to 
compensate  the  errors  in  phase  and  magnitude  produced  during  virtual  flux  estimation  procedure.  At  the 
meantime,  VF-DPC  is  corresponding  to  use  in  regulation  of  the  line  currents  and  the  dc-link  output  voltage 
by  control  the  input  of  instantaneous  active  and  reactive  power.  The  control  structure  of  VF-DPC  is  shown  in 
Figure  2.  Based  on  figure,  the  utility  grid  source  voltage  is  considered  as  a  virtual  ac  machine. 
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Figure  2.  Control  structure  of  virtual  flux  direct  power  control 


By  assuming  a  balanced  three-phase  system,  the  voltage  and  current  equation  of  the  pulse-width  modulation 
(PWM) -controlled  rectifier  can  be  described  by  equation  (1)  from  [5]  where  is  the  three-phase  voltage 

supply,  is  the  three-phase  line  current,  and  Vconv,abc  is  the  three-phase  converter  pole  voltage.  Then,  the 

phase  voltages  at  the  poles  for  each  phase  of  the  converter  are  equal  as  in  equation  (2)  -  (4)  where  5"^  ^  ^  the 
switching  state  of  the  converter  is,  and  is  the  link-output  voltage. 
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Next,  any  three-phase  electrical  quantities  in  (2/7c-coordinates  which  are  defined 
transformed  into  stationary  afl-coordinates  by  using  the  the  transformation  matrix. 


(3) 

(4) 

by  Va,b,c  can  further  be 
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4.  VIRTUAL  FLUX  ESTIMATION 

The  grid  virtual  flux  vector  in  a  stationary  frame  ^ g,ap  is  defined  as  the  integration  of  the  grid 
voltage  vector  in  a  stationary  reference  frame  Eg^ap  as  shown  below; 


y/'conv,aP  -  y conv,aP 

J  (6) 

By  applying  the  equation  of  virtual  flux  in  (6),  the  grid  virtual  flux  vector  can  be  estimated  as  shown  in 

¥ g,ap  “  [  conv,apdt  -T  g^ap  )+  g,ap 

J  (7) 

In  practice,  the  value  of  internal  line  filter  resistance  R  can  be  neglected  since  its  value  is  much 
smaller  than  the  value  of  the  line  inductance  impedance  Zl.  Therefore,  from  equation  (7)  can  be  rewritten  in 
the  stationary  coordinates  for  acquiring  the  magnitude  of  grid  virtual  flux  at  both  real  and  complex  axes  as 
shown  below 


¥ g, a  J  ^conv, a g, a 
V  g,P  =  I  '^conv,pdt  +  LIgp 


(8) 

(9) 


Then,  the  ideal  integration  that  is  used  to  calculate  the  grid  virtual  flux  as  shown  in  equation  (8)-(9) 
might  be  saturated  due  to  dc  offset  which  is  present  in  the  sensed  current  or  voltage.  Thus,  a  low-pass  filter  is 
selected  to  replace  the  pure  integrator.  However,  a  simple  low-pass  filter  reduces  the  system  performance 
because  it  produces  errors  in  the  phase  and  magnitude  of  the  virtual  flux  components  calculations.  In  order  to 
minimize  these  errors,  equations  in  (8)  and  (9)  are  analyzed  and  adopted  in  the  virtual  flux  estimation 
procedure  which  provides  a  low-pass  filter  characteristic  at  all  frequencies.  The  a  and  p  components  of  the 
actual  converter  virtual  flux  are  calculated  based  on  the  operating  frequency  with  a  given  notation  of 

or  CO,  the  low-pass  filter  cut-off  frequency  co^ ,  and  the  estimate  of  the  converter  pole  flux  vector 
¥\onv,ap  •  Those  components  can  be  written  as.  Therefore,  Equation  (10)  and  (11)  are  used  in  the  virtual  grid 
estimation  procedure  as  illustrated  in  Figure  3. 


¥conv,a  ~  ¥'conv,a  +  y/Ponv,p 


¥conv,a  -  ¥'conv,a  +  y/Ponv,p 


(10) 


(11) 
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Figure  3.  Control  blocks  for  virtual  flux  estimation 


Lastly,  the  estimation  of  the  input  active  power  P  and  reactive  power  2  in  a  stationary  reference  frame  is 
given  by  (12)  and  (13),  respectively 


(12) 


(13) 


The  input  reactive  power  Q  is  set  to  zero  to  achieve  a  unity  pf.  In  some  applications,  however,  the  front-end 
converter  is  required  to  operate  in  leading  pf  to  compensate  the  motoring  loads  of  lagging  pf  that  are 
connected  in  a  nearby  utility  grid.  Figure  4  shows  the  sector  selection  for  virtual  flux  vector.  In  VF-DPC,  the 
switching  look-up  table  works  according  to  the  virtual  grid  flux  vector  position  which  is  rotating  in  a 
complex  ay?-plane  as  shown  in  Figure  4.  The  virtual  grid  flux  vector  is  divided  into  12  sectors  in  the  ay?-plane 
with  each  sector  is  30°  wide.  Due  to  the  virtual  flux  vector  is  always  lags  90°  behind  its  respective  voltage 
vector,  a  sector  which  represents  a  voltage  vector  angle  between  0°  to  30°  in  a  conventional  DPC,  is 
compatible  to  the  virtual  flux  vector  located  in  an  angle  between  -90°  and  -60°  as  shown  by  sector  1  in  Figure 
4.  The  same  technique  is  applied  for  the  other  1 1  sectors.  The  main  parameters  used  in  the  simulation  are 
tabulated  in  Table  2. 


Figure  4.  Sector  selection  for  Virtual  Flux  Direct  Power  Control 
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Table  1.  Switching  look-up  table  for  virtual  flux  direct  power  control 
Power  error  Sector  position  (0n)  and  converter  voltage  vector  (Vn) 


status 
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01 

02 
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05 

06 

07 

08 

09 

010 
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Vi 

Vi 

V2 
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V3 
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V4 

V4 

Vs 

Vs 

V6 

V6 
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V2 

V2 
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V3 
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Vs 

V6 
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V2 

V2 

V3 

V3 

V4 

V4 

Vs 

Vs 

1 

1 

V3 

V3 

V4 

V4 

Vs 

Vs 

V6 

V6 

Vi 

Vi 

V2 

V2 

Table  2.  Electrical  Parameters  of  Power  Circuit 


Parameters 

Value 

Input  phase  voltage  (peak),  Eg 

70.71  V 

Source  Voltage  frequency,  f 

50  Hz 

Dc-link  volatage  reference,  Vdc,ref 

150  V 

Resistance  of  reactance,  R 

0.2  Q 

Inductance  of  reactance,  L 

18  mH 

Dc-link  capacitor,  C 

10.8  mF 

Load  Resistance,  Rl 

140  Q 

Sampling  time,  ts 

20  ps 

The,  dc-bus  voltage  is  regulated  by  controlling  the  active  power.  This  can  be  achieved  by  using  a  PI 
controller.  A  simple  PI  controller  is  constructed  as  shown  in  Figure  5.  The  PI  controller  is  fed  by  the  DC -link 
and  reference  voltage.  The  output  from  the  PI  controller  is  the  reference  active  power,  Pref  which  will  be 
compared  with  the  actual  instantaneous  active  power,  P  to  obtain  the  active  power  error,  Pem  The  power 
error  is  one  of  the  parameters  which  will  determine  the  switching  state  of  the  converter.  Values  of  the 
proportional  gain,  Kp  and  the  integral  gain,  Ki  are  chosen  based  on  trial  and  error  method.  In  this  study,  Kp 
and  Ki  are  set  to  5  and  25,  respectively. 


Figure  5.  Subsystem  for  PI  controller 


5.  RESULT  AND  DISCUSSION 

The  entire  ac-dc  converter  system  is  simulated  in  the  Matlab/Simulink  environment  in  order  to  study 
its  performance  under  steady- state  and  dynamic  conditions.  The  output  dc  voltage  obtained  after  the 
implementation  of  VF-DPC  method  is  shown  in  Figure  6.  It  can  be  seen  that  there  is  an  increment  in  rising 
time  and  settling  time  before  the  output  voltage  reaches  the  steady  state.  This  is  due  to  the  tuning  of  PI 
controller  which  involves  increasing  value  of  Kp  and  Ki. 

Then,  in  Figure  7  is  represent  the  simulated  of  basic  signal  from  input  voltage  and  current 
waveforms  phase  “a”  in  phase.  Basically,  it  can  be  seen  that  the  concept  of  virtual  flux  is  able  to  produce  line 
voltage  and  currents  at  a  unity  power  factor  (pf).  Additionally,  this  control  system  of  virtual  flux  is  also 
capable  to  produce  a  current  waveform  which  is  almost  sinusoidal  compare  by  the  signal  from  the 
conventional  control  method  of  direct  power  control  (DPC).  Therefore  Figure  8  has  represents  balanced 
three-phase  line  current  waveforms  during  steady-state  condition  by  VF-DPC. 
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Figure  6.  Output  voltage,  Vo  after  implementation  of  VFDPC 


2.0  2.01  2.02  2.03  2.04  2.05  2.06  2.07  2.08  2.09  2.10 

Time,  t  [s] 

Figure  7.  Phase  a  voltage  and  current  at  unity  power  factor,  pf 


Figure  8.  Three  phase  input  current  by  VF-DPC 


In  fact,  the  current  waveform  which  is  almost  to  be  more  sinusoidal  will  have  a  lower  frequency 
component  in  it  thus  contributing  to  the  lowest  value  of  harmonic  distortion  for  the  signal.  Therefore,  the 
comparison  of  the  total  harmonic  distortion  (THD)  of  the  input  line  current  from  both  control  method  VF¬ 
DPC  and  conventional  of  DPC  is  shown  in  Figure  9.  It  is  apparent  to  see  from  the  simulation  result,  the 
harmonic  rate  of  virtual  flux  is  4.19  %  compare  to  the  THD  from  conventional  of  DPC  which  is  4.88  % 
higher  than  VF-DPC  control  method  even  both  of  this  control  method  complies  with  IEEE-519  standard 
requirement  of  less  than  5  %.  The  frequency  spectrum  of  the  line  current  reveals  that,  due  to  the  hysteresis 
controller  operation,  the  VF-DPC  generates  variable  switching  frequency  with  the  harmonic  components 
spread  over  a  wide  range  frequency. 
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Fundamental  (50Hz)  =  1 .527  ,  THD-  4.88% 


®  »n  — 


Fundamental  (50Hz)  =  1.53  ,  THD=  4.19% 


500  1000 

Frequency  (Hz) 

(b)  Virtual  Flux  Direct  Power  Control 


Figure  9.  Harmonic  spectrum  of  the  line  current  generated  by  VFDPC 


Hence,  Figure  10(a)  has  shown  the  transient  response  when  the  dc  voltage  reference  changes  from 
150  to  180  V  at  5  s  and  back  to  150  V  at  8  s  while  Figure  10(b)  shown  when  it  change  from  150  to  120  V  at  5 
s  and  back  to  150  V  at  8  s  .  With  the  estimated  quantities  of  the  dc  link  voltage  proportional -integral  (PI) 
regulator,  the  control  performance  is  satisfactory  even  though  there  are  overshoot  and  undershoot  in  both 
responses  before  reaching  steady  state  when  voltage  changes.  The  controller  enables  the  output  voltages  to 
reach  the  desired  reference  voltage  (150  V). 

Next,  the  control  method  is  also  evaluated  under  the  transient  response  during  load  variation.  In  this 
variation,  100  Q  resistors  are  connected  in  parallel  towards  the  existing  resistor  across  the  DC  link  at  3  s  to 
create  a  sudden  disturbance  to  the  load  current  which  is  performed  by  adding  a  breaker.  In  Figure  ll(a)-(c) 
has  shown  the  result  for  transient  responses  during  a  load  variation.  It  is  apparent  to  see  that  at  the  time  of  3  s 
the  line  current  waveform  from  phase  'a'  started  to  increases  once  the  disturbance  occurs  at  time  of  3  s 
regarding  to  the  relationship  of  current  and  resistance  in  ohm’s  law.  Then,  dc  output  voltage  are  sudden  drop 
or  experiencing  a  small  dip  but  it  recovers  to  the  original  value  150  V  because  the  forced  of  voltage  PI 
regulator.  Lastly  in  Figure  12(c)  the  estimated  active  power  (P)  follows  the  change  in  load  as  it  increases 
suddenly  at  3  s  due  to  the  load  disturbance.  Meanwhile,  the  overshoot  and  oscillation  are  not  obvious  for 
reactive  power  (Q). 


Time,  t  [s] 
(a) 


Figure  10.  Transient  response  for  the  step  changes  of  the  dc-link  voltage 
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Figure  1 1 .  (a)  Transient  response  for  load  variation  from  low  to  high  current  demand  for  phase  a  current 
(b)  DC-link  voltage  (c)  Estimated  active  and  reactive  powers 


6.  CONCLUSION 

The  presented  Direct  Power  Control  (DPC)  system  constitutes  a  viable  alternative  to  the  pulse  width 
modulated  three-phase  ac-dc  voltage  source  converter.  In  the  DPC  the  active  and  reactive  powers  are  used  as 
the  controlled  output.  The  appropriate  selecting  for  the  switching  states  from  a  switching  table  is  based  on  the 
errors  between  estimation  and  the  desired  active  and  reactive  powers.  Conversely,  a  new  control  scheme  as 
an  extension  from  the  DPC  which  is  based  on  the  estimation  of  grid  voltage  and  the  instantaneous  of  active 
and  reactive  power  calculation  known  as  Virtual  Flux  Direct  Power  Control  (VF-DPC)  is  analyze  in  this 
work  and  are  successfully  simulated  in  the  Matlab/Simulink  block  diagram.  Basically,  the  VF-DPC  is 
capable  to  minimizing  the  employment  of  sensors  by  eliminating  the  used  of  three  voltage  sensors  which  is 
located  at  the  input  side  of  the  ac-dc  converter.  Those  three  voltage  sensors  are  essential  in  a  conventional 
DPC  in  order  to  measure  the  three  phase  supply  voltage.  Hence,  the  size  and  cost  of  the  ac-dc  converter 
system  can  be  reduced.  Otherwise,  from  the  simulation  result  indicate  that  the  performance  of  a  VF-DPC  is 
better  than  the  conventional  of  DPC  regarding  to  the  lower  value  of  total  harmonic  distortion  (THD). 
Therefore,  the  presented  VF-DPC  is  capable  to  generating  smooth  input  currents  waveforms.  Then,  in  study 
for  the  dynamic  performance  for  the  variation  in  load  and  DC  voltage  reference,  it  is  observed  that  the  output 
voltage  recovers  close  to  the  reference  voltage  despite  the  sudden  disturbance  introduced  to  the  system.  The 
proper  tuning  of  PI  controller  enables  the  output  voltage  remains  near  to  reference  voltage.  Meanwhile,  the 
active  power  increases  significantly  when  a  smaller  resistance  value  is  connected  parallel  with  existing  circuit 
which  reduces  the  overall  load. 
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